1-5 Epitaxial NbN/AlN/NbN junctions fabricated on single-crystal MgO substrates have excellent junction quality, [6] [7] [8] and demonstrate good performance as superconducting electronics devices. [9] [10] [11] [12] In most superconducting electronics applications, the junctions must be prepared on various substrates. For example, superconductor-insulator-superconductor mixers are usually fabricated on substrates with low dielectric constants and single flux quantum circuits are prepared on Si wafers. [13] [14] [15] However, because the superconducting properties of NbN films are dependent on the crystal structures of the film, 16, 17 it is difficult to fabricate high-quality NbN tunnel junctions on substrates other than MgO. Despite several attempts to develop NbN tunnel junctions using Si substrates, 18, 19 to date, there have been no reports of junctions with a high quality similar to that of epitaxial NbN junctions fabricated on MgO substrates. Therefore, to enable practical application of NbN junctions in superconducting electronics, it is important to develop epitaxial NbN tunnel junctions on Si or other substrates.
In order to improve the epitaxial growth of NbN films on Si substrates, a possible approach is to introduce a buffer layer between the NbN film and the Si substrate. Various thin films such as MgO, AlN, and TiN have been used as the buffer layers for the epitaxial growth of NbN films. [20] [21] [22] [23] Among these, TiN is a promising material to be used as the buffer layer because TiN and NbN have the same crystal structure with a lattice mismatch of only 3.5%. Recently, we fabricated (200)-oriented TiN films on Si (100) substrates using DC magnetron sputtering and showed that TiN films deposited at a zwang@mail.sim.ac.cn 2158-3226/2016/6(6)/065119/6 6, 065119-1 © Author(s) 2016.
high temperature exhibit highly crystalline structures and good superconducting properties. 22 In this study, we have tried to employ the (200)-oriented TiN films as a buffer layer for the epitaxial growth of NbN films and NbN/AlN/NbN trilayers on Si substrates. We fabricated epitaxial NbN/AlN/NbN tunnel junctions on Si substrates with TiN buffer layers and investigated their crystal structures and electrical properties.
TiN buffer layers were prepared by DC magnetron sputtering in a load-lock sputtering system with the background pressure below 3 × 10 −6 Pa. To improve (200)-oriented growth of the TiN films, the TiN buffer layers were deposited at 800
• C. The buffer layer thickness and roughness were 50 and 0.5 nm, respectively. A detailed description of the fabrication process and properties of TiN films is provided in our previous study. 22 Following the deposition of the TiN buffer layer on the Si (100) substrates, the samples were transferred to a multichamber sputtering system for the deposition of the NbN/AlN/NbN trilayers. The sputtering system consists of four deposition chambers, a load-lock chamber, and a plasma cleaning chamber. The background pressure for each chamber was around 2 × 10 −5 Pa. NbN/AlN/NbN trilayers were deposited in situ by reactive DC magnetron sputtering from an 8-inch diameter Nb and Al targets at an ambient substrate temperature. The NbN films were deposited in an Ar + N 2 mixture with a 29:10 ratio of Ar (29 sccm) and N 2 (10 sccm), and the AlN films were deposited in pure nitrogen atmosphere. The total pressure was set to 0.25 Pa. Fig. 1 shows the X-ray diffraction (XRD) patterns for the NbN/AlN/NbN trilayers with different AlN thicknesses (1 and 2 nm) and for a 150-nm-thick NbN film, all of them fabricated on Si (100) substrates with a 50-nm-thick TiN buffer layer. To characterize the crystal structure of the counter NbN electrode film, the thickness of the base NbN electrode films was set to 20 nm such that the XRD peaks originating from the base NbN thin films became negligibly small, while the thickness of the counter NbN films was fixed at 150 nm. As shown in Fig. 1, both range of J c , the junctions demonstrated excellent tunneling properties with a high gap voltage, large I c R N product, sharp quasiparticle current rise, and small subgap leakage current. The junction quality factor R sg /R N , where R sg is the subgap leakage resistance measured at 4 mV and R N is the normal resistance measured by the slope of the normal current, was about 23 and 6 for the junction when J c = 47 and 3.0 kA/cm 2 , respectively. For all junctions, the junction quality is similar to that of the epitaxial NbN/AlN/NbN junctions fabricated on single-crystal MgO substrates. [6] [7] [8] These results suggest that our NbN/AlN/NbN junctions fabricated on the Si substrate with the TiN buffer layer are also epitaxial junctions. Figure 3 shows the current density J c values of the junctions with different thicknesses of the AlN barriers. Junction parameters are listed in Table I , junction size was the designed value on mask. Because the junction area was defined by contact exposure photolithography and RIE etching process, the size of junction was smaller than the mask size due to overexposure and over etching of junction side. Therefore, actual J c values may be slightly larger than that measured from the mask size. The J c can be controlled by the thickness of the AlN barrier deposited at a very low sputtering 
where d is the barrier thickness measured in angstroms. The barrier height is about the same value as the epitaxial NbN/AlN/NbN tunnel junctions fabricated on single crystal MgO substrates (0.9 eV), 8 suggesting epitaxial growth of NbN/AlN/NbN trilayers on Si substrates with TiN buffer layers.
To confirm the epitaxial growth of the NbN/AlN/NbN trilayers on Si substrates, we investigated the interface properties via transmission electron microscopy (TEM). 
